Although individuals usually recognize presbyopia symptoms only after the age of 40 years, the change in the accommodative amplitude is a lifelong process decreasing almost linearly from the age of 10 to 60 years.^[@i1552-5783-57-13-5093-b01]^ The etiology of presbyopia is not completely understood, but two age-related biomechanical changes have been hypothesized as a root cause of this problem. One is the aging of the ciliary muscle that exerts the force required to vary the shape of the crystalline lens^[@i1552-5783-57-13-5093-b02],[@i1552-5783-57-13-5093-b03]^; the other is the stiffening of the lens itself with increasing age.^[@i1552-5783-57-13-5093-b04]^ Recent evidence from primates and human studies indicates that muscle function is normal beyond the onset of presbyopia.^[@i1552-5783-57-13-5093-b05]^ Therefore, it is believed that the age-related stiffening of the crystalline lens and its resulting increased resistance to deformation are the dominant processes causing the loss of accommodation.^[@i1552-5783-57-13-5093-b06][@i1552-5783-57-13-5093-b07][@i1552-5783-57-13-5093-b08]--[@i1552-5783-57-13-5093-b09]^

The deformability of the lens is typically quantified by the elastic moduli such as Young\'s or shear modulus. However, these parameters are difficult to measure for the crystalline lens because of its small size and spatially varying modulus values. The published data on the mechanical properties of the human lens have large variability. The Young\'s moduli of human cadaver lenses, measured by conventional mechanical tests, vary over a wide range from 20 Pa to 2 MPa.^[@i1552-5783-57-13-5093-b10]^ A broad range of values is also found in the age-related lens stiffening in which a variety of values from negligible increases up to a factor of 10,000 were reported.^[@i1552-5783-57-13-5093-b08],[@i1552-5783-57-13-5093-b09],[@i1552-5783-57-13-5093-b11][@i1552-5783-57-13-5093-b12][@i1552-5783-57-13-5093-b13][@i1552-5783-57-13-5093-b14][@i1552-5783-57-13-5093-b15][@i1552-5783-57-13-5093-b16]--[@i1552-5783-57-13-5093-b17]^ Data on the regional distribution of elastic modulus within the lens have also been inconsistent. Some studies have indicated that the nucleus should be softer than the cortex up to an age of 30 to 50 years,^[@i1552-5783-57-13-5093-b11],[@i1552-5783-57-13-5093-b15][@i1552-5783-57-13-5093-b16]--[@i1552-5783-57-13-5093-b17]^ but others measured comparable elasticity^[@i1552-5783-57-13-5093-b12]^ or stiffer nucleus.^[@i1552-5783-57-13-5093-b18],[@i1552-5783-57-13-5093-b19]^ Ex vivo rheological assessment is also compounded by postmortem changes of the structural and mechanical properties of the lens tissue.^[@i1552-5783-57-13-5093-b20],[@i1552-5783-57-13-5093-b21]^

Brillouin microscopy is a new imaging modality based on spontaneous Brillouin light scattering in samples. Brillouin scattering arises from acoustic phonons. Acoustic phonons are equivalent to the wave propagation of thermodynamic fluctuations of the medium, which produces a periodic modulation of refractive index to cause light scattering. The light scattered from the traveling index modulation experiences a Doppler frequency shift equal to the frequency of the phase-matching acoustic phonon. From the Brillouin frequency shift, one can measure longitudinal modulus, a type of elastic modulus different from but related to Young\'s and shear moduli. Brillouin microscopy is similar to acoustic microscopy or ultrasounds^[@i1552-5783-57-13-5093-b22],[@i1552-5783-57-13-5093-b23]^ in a sense that their principle involves the measurement of acoustic propagation speeds or longitudinal modulus, but they differ in that Brillouin microscopy does not require ultrasound transducers and offers much higher optical resolution.^[@i1552-5783-57-13-5093-b24][@i1552-5783-57-13-5093-b25][@i1552-5783-57-13-5093-b26]--[@i1552-5783-57-13-5093-b27]^ Optical coherence elastography has been used to measure the overall stiffness of crystalline lenses,^[@i1552-5783-57-13-5093-b28]^ but to date high-resolution analysis of the spatial distribution of elastic modulus has not been demonstrated.

Brillouin microscopy revealed a marked age-related stiffening of the lens nucleus between young and old mice in vivo.^[@i1552-5783-57-13-5093-b24]^ A previous study on human cadaver lenses showed no statistically significant change in the longitudinal modulus of the lens nucleus and cortex.^[@i1552-5783-57-13-5093-b29]^ We have developed a clinically viable, safe Brillouin imaging system using low-power near-infrared (NIR) light (Besner S, et al. *IOVS* 2013;54:ARVO E-Abstract 4270). Here, we describe the results of our first human study to measure the Brillouin longitudinal modulus of the crystalline lens in healthy humans across an age range from 19 to 63 years.

Materials and Methods {#s2}
=====================

Research Subjects {#s2a}
-----------------

All participants received a detailed explanation of the study and signed an informed consent form approved by the Partners Human Research Committees (institutional review board), in accordance with the principles embodied in the Declaration of Helsinki. Brillouin sagittal profiles were acquired in 56 eyes of 30 healthy subjects, age 19 to 63 years old (mean age: 36 ± 13 years). Exclusion criteria included cataracts, allergy to ophthalmic medications, severe refractive abnormalities, occludable narrow angles or other pathologies that preclude safe dilation, systemic disease, and previous refractive surgery.

In Vivo Brillouin Confocal Microscope {#s2b}
-------------------------------------

[Figure 1](#i1552-5783-57-13-5093-f01){ref-type="fig"} schematically represents the confocal Brillouin microscope used in this study. The system employed a 780-nm tunable laser diode (DL-Pro; Toptica Photonics, Munich, Germany) with an optical power of 2 mW on the cornea surface. The laser light was focused by a ×5 infinity-corrected objective lens (NA = 0.1; Mitutoyo America, Aurora, IL, USA) with a long working distance of 34 mm. The beam size at the focus was approximately 4 μm laterally (*x*-*y*) and 60 μm (*z*) axially. The focus was scanned along axial lines by translating the objective with a motorized stage (T-LSM25; Zaber Technologies, Vancouver, BC, Canada). A wide-field video camera was used to track the pupil and to control the *x*-*y* position of the scan axis. A Maltese cross fixation target was used on a modified Badal optometer to fix the vergence of the eye during axial scans.

![(**a**) Schematic representation of the Brillouin confocal in vivo microscope. (**b**) Raw EMCCD output of the VIPA spectrometer showing the vitreous humor (*top*) and lens nucleus (*bottom*) at an integration time of 0.2 seconds and a laser power of 2 mW. The two peaks represent the stoke shift and the antistoke shift of the following laser order. (**c**) 2-Lorentzian peak fit (*solid line*) of the raw imaging data (*points*) along the Brillouin spectral line for vitreous humor (*black*) and lens nucleus (*red*).](i1552-5783-57-13-5093-f01){#i1552-5783-57-13-5093-f01}

The collected Brillouin backscattered light was spectrally dispersed by a spectrometer consisting of a two-stage virtually imaged parallel array (VIPA) device and imaged onto an electron-magnification charged coupled device (IXon Du-897; Andor Technologies, Belfast, Northern Ireland). The details of the spectrophotometer design can be found elsewhere.^[@i1552-5783-57-13-5093-b30][@i1552-5783-57-13-5093-b31]--[@i1552-5783-57-13-5093-b32]^ [Figures 1](#i1552-5783-57-13-5093-f01){ref-type="fig"}b and [1](#i1552-5783-57-13-5093-f01){ref-type="fig"}c report typical raw Brillouin spectra for the human vitreous humor and the lens nucleus, and the 2-Lorentzian peak fit used to determine Brillouin frequency shifts. The setup used LabVIEW (National Instruments, Austin, TX, USA) for real-time operations, including hardware control, laser-to-eye position registration, image processing, and display of raw spectrometer output and Brillouin line-scan profiles.

Brillouin Imaging Protocol {#s2c}
--------------------------

During Brillouin scans, the subject was asked to stare at the fixation target through the objective lens. The visual stimulus was set at a far point (infinity) with correction of the vergence to compensate the refractive error of the eye. A chin and front rest were used to reduce subject\'s motions. The axial scanning speed was adjusted between 150 and 850 μm/s for an EMCCD integration time of 0.1 to 0.4 second, taking into account the individual subject\'s ability to fixate and stay still. Typical axial scan durations ranged between 10 and 20 seconds at a laser power of 2 mW. In initial scans, low-resolution Brillouin axial profiles of the whole anterior segment were taken to locate the interface of the posterior cornea, anterior and posterior lens capsule, and anterior and posterior lens nucleus with an accuracy of approximately 120 μm. The measured distances were then included in an iterative eye propagation model based on a full Gullstrand eye model^[@i1552-5783-57-13-5093-b33]^ to determine the actual focal depth within the eye. Following this initial procedure, high-resolution scans along the sagittal axis of the lens were performed with a step size of 60 μm, the same as the axial resolution of our system. A minimum of 10 scans were performed on each eye to confirm reproducibility of the scan data. Scans with significant motion artifact, as determined by the eye registration system, were removed from the analysis. The valid scan profiles were overlaid and averaged.

Laser Safety {#s2d}
------------

The laser power of 2 mW is 63 times lower than the maximum permissive exposure defined by the American National Standards Institute for retinal hazard^[@i1552-5783-57-13-5093-b34]^ and 16 times lower than the guideline of the International Committee on Non-Ionizing Radiation Protection standards for the lens and cornea thermal hazards.^[@i1552-5783-57-13-5093-b35],[@i1552-5783-57-13-5093-b36]^ None of the subjects expressed any discomfort, pain, or vision problems during or after the imaging session. The laser light was seen as a diffuse faint-red color, barely visible on top of the fixation target projection. For the first 10 subjects, comprehensive eye examinations were performed at Massachusetts Eye and Ear Infirmary before and 6 months after scan sessions. No adverse effects to the subjects\' eyes were identified.

Brillouin Longitudinal Modulus {#s2e}
------------------------------

The Brillouin shift was obtained from the spacing between the Stokes (left peak) and anti-Stokes shift (right peak). For accurate calibration, the free spectral range and spectral dispersion of the spectrometer were determined from the measured Brillouin spectra of two known materials, water and poly(methyl methacrylate) plastic, immediately before or after each human imaging session.^[@i1552-5783-57-13-5093-b37],[@i1552-5783-57-13-5093-b38]^ This calibration step allowed subpixel localization of the peak central position even in the presence of the typical drifts in the laser frequency and spectrometer alignment. The measurement error in Brillouin shifts was approximately 16 MHz at a laser power of 2 mW and an integration time of 0.2 second. The long-term frequency stability of the measurement was better than 16 MHz, as estimated from the standard deviation (SD) in repetitive measurements of test materials over 30 days.

The Brillouin longitudinal modulus (*M*′) was calculated from the Brillouin shift (Ω) according to the following relation: where *ρ* is the mass density, *λ* (780 nm) is the optical wavelength in air, *n* is the refractive index, and *θ* (180 degrees in our experimental condition) is the angle between the incident and scattered light. The refractive index and density of the tissue are spatially nonuniform within the lens; however, the ratio of *ρ*/*n*^2^ is approximately constant at 0.5636 g/cm^3^ with a variation of less than 1% throughout the lens.^[@i1552-5783-57-13-5093-b24]^

Regional Dependence of the Brillouin Longitudinal Modulus {#s2f}
---------------------------------------------------------

To quantify the regional variation of lens elasticity, the obtained sagittal profiles were fitted using a general power law model^[@i1552-5783-57-13-5093-b39],[@i1552-5783-57-13-5093-b40]^: The central position *x~c~* and thickness *L* were obtained from the Brillouin axial profiles, and the peak modulus *M*~max~, the amplitude of variation Δ*M*, and the exponents *γ* were used as fitting parameters. Separate fits were performed for the anterior cortex, anterior nucleus, posterior nucleus, and posterior cortex. For the plateau region fit, the inner region of the lens with the top 50% value of *M* was used to accurately reproduce the flat central region and the transitional region between the nucleus and the cortex (see [Fig. 2](#i1552-5783-57-13-5093-f02){ref-type="fig"}). In this central region, *x~c~* is the lens center, and *L* is the half lens width of this top 50% region. For the peripheral regions, all points lower than 98% of the peak longitudinal modulus were used in the fit. In these regions, *x~c~* was the axial position at the 98% value, and *L* was the thickness of the anterior or posterior cortical region. The exponent *γ* is a geometric factor describing the shape of the lens\'s modulus profile (e.g., a parabolic profile for *γ* = 2, and bell-shaped profiles at higher *γ* values).

![Representative Brillouin sagittal profiles in 19-, 31-, 43-, and 60-year-old human lenses showing the aqueous humor (A.H.), the vitreous humor (V.H.), the lens cortex, and central plateau. The central plateau is defined as the top 98% value in longitudinal modulus. The *points* and *error bars* represent the mean and SD of successive scans taken along the sagittal axis. Also shown is the definition of the different parameters of the power fit function.](i1552-5783-57-13-5093-f02){#i1552-5783-57-13-5093-f02}

Donor Tissue and Dissection Protocol {#s2g}
------------------------------------

Ex vivo measurements were conducted on 14 human eyes obtained from two young donors (mean age: 24 ± 2 years), and five old donors (mean age: 59 ± 6 years). The human donor eyes were obtained from the National Disease Research Interchange (Philadelphia, PA, USA), and used in compliance with the guidelines of the Declaration of Helsinki for research involving the use of human tissue. To limit postmortem swelling, the lens was surgically extracted from the eye at the donor agency and immediately stored in mineral oil at 4°C before shipment. The mean postmortem preservation time was 7.8 ± 1.8 hours. On arrival, the ciliary body and lens capsule were carefully removed by making a small incision at the edge of the equatorial plane and by peeling out the capsule with surgical tweezers. Eight lenses were dissected into thin disks, and Brillouin microscopy and shear rheometry were performed on each disk. For dissection, the lens was cut with a scalpel in 1.5-mm-thick layers with cutting plane perpendicular to the equatorial plane. Then, from each layer, 4-mm disks were extracted by using a biopsy punch and then immediately stored in a small Petri dish filled with mineral oil. Ten or more disks were retrieved from each lens. The duration of the whole dissection procedure generally took approximately 20 minutes. For the other six lenses, the whole lenses were characterized with three-dimensional-scan Brillouin imaging and shear rheometer without dissection; the results of this analysis were consistent with the findings obtained with the dissection approach, but the details will be reported elsewhere.

Ex Vivo Comparison Between Brillouin and Shear Rheometry {#s2h}
--------------------------------------------------------

Brillouin measurements were performed right after dissection. For each lens piece, a two-dimensional map (typically 40 × 40 points) in the central equatorial/sagittal plane was obtained by moving the sample with a three-axis translation stage (H117; Prior Scientific, Fulbourn, Cambridge, UK). From the map, the average value of the measured data was calculated, which represents the Brillouin longitudinal modulus of the sample. After Brillouin measurements, all lens samples were stored at 4°C, and allowed to thermalize at room temperature 20 minutes before rheometry measurements. For shear rheometry, a standard stress-controlled rheometer was used (AR-G2; TA Instruments, New Castle, DE, USA) with 8-mm diameter parallel plates, with a precompression of approximately 100 μm, frequency sweeps from 0.1 to 10 Hz with 0.1% strain amplitude. The data reported here refer to the shear modulus measured at approximately 0.2 Hz. All measurements were completed within 36 hours postmortem.

Results {#s3}
=======

Regional Dependence of Lens Longitudinal Modulus {#s3a}
------------------------------------------------

[Figure 2](#i1552-5783-57-13-5093-f02){ref-type="fig"} shows four representative axial profiles of Brillouin modulus obtained from 19-, 31-, 43-, and 61-year-old subjects. All measured profiles and fitting results are presented in [Supplementary Fig. S1](#iovs-57-10-76_s01){ref-type="supplementary-material"}. In all subjects, the Brillouin frequency shifts of the aqueous and vitreous humors were equal within the instrument accuracy. Brillouin longitudinal modulus increased steeply in the lens periphery but moderately in the lens center. Based on the fitted profiles, we defined a central plateau region as the inner portion of the lens with the top 98% value in longitudinal modulus, and a peripheral region as the remaining outside of the central plateau region. The central plateau region corresponds, approximately, to the anatomical lens nucleus; the peripheral region includes the anterior and posterior lens cortices.

Intrasubject and Intersubject Variability {#s3b}
-----------------------------------------

[Figures 3](#i1552-5783-57-13-5093-f03){ref-type="fig"}a and [3](#i1552-5783-57-13-5093-f03){ref-type="fig"}b show several examples of sagittal Brillouin profiles taken from right (dashed line) and left (solid line) eyes of the same subject in young ([Fig. 3](#i1552-5783-57-13-5093-f03){ref-type="fig"}a) and old ([Fig. 3](#i1552-5783-57-13-5093-f03){ref-type="fig"}b) volunteers. The difference in the mean longitudinal elastic modulus of the central plateau region between the left and right eyes showed no statistically significant difference or the difference was smaller than the instrument accuracy. On the other hand, grouping individuals in age-matched subjects (±1.5 years), we found an intersubject variability of 57 ± 46 MHz, which is approximately three times larger than the system spectral resolution.

![Intra- and intersubject variability. (**a**) Brillouin sagittal profiles of the left and right eyes of three individuals in an age range of 21 ± 1. (**b**) Comparison of the left and right eyes in two 51-year-old subjects. (**c**) The relative difference in the mean longitudinal modulus observed in the central plateau between the left and right eyes in the same subject and between subjects within an age-window of 3 years (*Inter*). The *box and whisker* represent the SE and the SD observed in all subjects.](i1552-5783-57-13-5093-f03){#i1552-5783-57-13-5093-f03}

Age-Related Variations of Longitudinal Modulus {#s3c}
----------------------------------------------

[Figure 4](#i1552-5783-57-13-5093-f04){ref-type="fig"} shows the age-related variations in thickness for the whole lens and for the different regions of the lens as previously identified on the base of their longitudinal modulus. A linear increase of the whole lens thickness at a slope of 32 ± 3 μm per year was found, and is consistent with previous measurements by Scheimpflug imaging, MRI, ultrasonography, and optical coherence tomography (Birkenfeld J, et al. *IOVS* 2015;56:ARVO E-Abstract 3566).^[@i1552-5783-57-13-5093-b41],[@i1552-5783-57-13-5093-b42]^ Importantly, the increase in the lens size was entirely due to a growth of the stiff central region (slope of 31 ± 3 μm/y); the thickness of the peripheral softer regions being constant with age. The mean thickness of the anterior peripheral region was 1.0 ± 0.2 mm, slightly greater than the mean thickness of the posterior peripheral region of 0.71 ± 0.13 mm.

![Variation of the human lens anterior cortex (A.C.), posterior cortex (P.C.), central plateau, and overall lens thickness with age. The *error bars* represent the instrument\'s thickness accuracy of 120 μm, which is a conservative assumption equal to twice the optical resolution of the Brillouin microscope and accounting for the accuracy in the two interfaces localization.](i1552-5783-57-13-5093-f04){#i1552-5783-57-13-5093-f04}

[Figure 5](#i1552-5783-57-13-5093-f05){ref-type="fig"} shows the magnitudes of maximal Brillouin longitudinal modulus at the center of the lens and the minimal longitudinal modulus at the interfaces with the aqueous humor and vitreous. The minimal longitudinal modulus showed no statistically significant age dependence and had an identical average value of 2.36 ± 0.02 GPa in both the anterior and posterior sides. Also, the longitudinal modulus of the central plateau did not show statistically significant age dependence in the age range of 19 to 45 years. Beyond age 45, however, a small decrease in the longitudinal modulus of the central plateau was observed at a rate of −4.5 ± 1.4 MPa per year.

![Variation of the Brillouin longitudinal modulus with age in aqueous humor, vitreous humor, and lens plateau. The *error bars* represent the SD within each eye subregion. For the plateau region, linear regressions for age younger than 45 years (*solid line*) and older than 45 years (*dashed line*) are shown.](i1552-5783-57-13-5093-f05){#i1552-5783-57-13-5093-f05}

[Figure 6](#i1552-5783-57-13-5093-f06){ref-type="fig"} shows the exponent *γ* obtained from the fitting of the anterior and posterior plateau regions. The *γ* parameter increased with the subject age significantly (*P* \< 0.001) in a linear regression analysis, which is consistent with the observed flattening of the central region and an increase of the gradient at the transition between the central and peripheral regions. [Figure 7](#i1552-5783-57-13-5093-f07){ref-type="fig"} shows the Brillouin profiles in the peripheral regions. The *γ* parameters of the posterior and anterior regions were age-independent. The posterior region showed slightly greater *γ* than the anterior region.

![Variation of the power law exponent for the anterior and posterior region within the slowly varying central region of the lens. The *error bars* represent the 95% confidence bound of the fit coefficients.](i1552-5783-57-13-5093-f06){#i1552-5783-57-13-5093-f06}

![(**a**) Comparison of the cortical sagittal elasticity gradient between young (\<25 years old), mid (35--45 years old), and old (\>50 years old) groups. (**b**) Variation of the power law exponent for the cortical anterior and posterior regions. The *error bars* represent the 95% confidence bound of the fit coefficients.](i1552-5783-57-13-5093-f07){#i1552-5783-57-13-5093-f07}

Ex Vivo Comparison to Shear Rheometry {#s3d}
-------------------------------------

To compare the Brillouin longitudinal moduli with traditional shear moduli, we used ex vivo lens tissues cut into small pieces. [Figure 8](#i1552-5783-57-13-5093-f08){ref-type="fig"} shows the quasistatic shear modulus and the Brillouin longitudinal modulus along the equatorial direction. In both young and old lenses, we found an increase of the elastic modulus from the lens periphery toward the lens center. The variability within the same layer represents the intrinsic variations of shear and longitudinal moduli of lens tissues in the equatorial and sagittal axes. In young lenses, the measured quasistatic shear modulus ranged from 0.20 to 10.3 kPa, whereas the Brillouin modulus varied from 2.81 to 3.11 GPa. In old lenses, shear moduli ranged from 0.36 to 19.2 kPa, whereas Brillouin moduli ranged from 2.91 to 3.27 GPa, respectively. The six to seven orders of magnitude difference between shear and longitudinal moduli is well expected from the incompressibility of water and consistent with previous results.^[@i1552-5783-57-13-5093-b43]^ Nevertheless, the correlation between Brillouin moduli and shear moduli is strong (*P* \< 0.05 in linear regression analysis for all lenses analyzed).

![Spatial variation of the shear and longitudinal elastic moduli of ex vivo human lenses along the equatorial axis. (**a**) Young lenses (*n* = 2, 4-mm disks from the left and right eyes of a 26-year-old donor). (**b**) Old lenses (*n* = 4--8, 4-mm disks from left and right eyes of three donors at ages of 50, 60, and 62). *Solid dots*, measured data from each individual sample; *open squares*, average value of the data within each layer; and *error bars*, standard variation.](i1552-5783-57-13-5093-f08){#i1552-5783-57-13-5093-f08}

Discussion {#s4}
==========

In this article, we have reported measurements of the mechanical properties of the aging human crystalline lens in vivo, for the first time to our knowledge. In particular, the high spatial resolution of Brillouin microscopy enabled us to characterize the spatial distribution of the longitudinal modulus within the crystalline lens. We found that, throughout all ages, the central portion of the lens is stiffer than the periphery. This result was confirmed by the ex vivo experiments, where we compared Brillouin moduli to shear moduli measured by traditional gold-standard shear rheometry. Our result is consistent with findings based on previous Brillouin scattering experiments,^[@i1552-5783-57-13-5093-b21],[@i1552-5783-57-13-5093-b24],[@i1552-5783-57-13-5093-b29],[@i1552-5783-57-13-5093-b44],[@i1552-5783-57-13-5093-b45]^ bubble-based acoustic radiation force,^[@i1552-5783-57-13-5093-b19],[@i1552-5783-57-13-5093-b46]^ and conical probe indentation,^[@i1552-5783-57-13-5093-b18]^ in which the elastic modulus in the nucleus was always larger than in the cortex in both animals and human samples. However, these results do not agree with other experiments using spinning platforms and localized small probes in which the nucleus was found to be softer than the cortex in human lenses at ages up to 30 to 50 years old.^[@i1552-5783-57-13-5093-b11],[@i1552-5783-57-13-5093-b15][@i1552-5783-57-13-5093-b16]--[@i1552-5783-57-13-5093-b17]^ A softer nucleus at such age is difficult to explain, considering that elastic modulus typically increases with protein concentration. In pre-teenage lenses, the protein content within the nucleus is already much higher than the cortex.^[@i1552-5783-57-13-5093-b47]^ Furthermore, the maximal compaction, leading to a constant protein concentration with age, is already completed in the center of the lens somewhere in the 20s.^[@i1552-5783-57-13-5093-b43]^

In terms of age-related trends, we did not find a statistically significant change of the peak longitudinal modulus with age in the range of 19 to 45 years, a period over which the accommodation power gradually decreases. Instead, the most prominent age-related change was the expansion and flattening of the central stiff plateau. By the age of 60 years, the sagittal thickness of the central plateau reached 3.2 ± 0.12 mm, a size in agreement with the four nuclear zones consisting of the embryonic, fetal, juvenile, and adult nuclei isolated by lyophilisation or hydrodissection.^[@i1552-5783-57-13-5093-b48]^ Interestingly, no statistically significant age-related differences were found in the axial gradient of modulus in the peripheral regions. This may provide insights into the production of new lens fibers and their distribution and compaction.^[@i1552-5783-57-13-5093-b49]^ Our data do not appear to support a notion that a "massive" increase of lens modulus is the main contributor to the age-related loss of accommodation.^[@i1552-5783-57-13-5093-b11],[@i1552-5783-57-13-5093-b15][@i1552-5783-57-13-5093-b16]--[@i1552-5783-57-13-5093-b17]^ Rather, the data point to the existence of other factors, such as the changes in lens shape.^[@i1552-5783-57-13-5093-b42],[@i1552-5783-57-13-5093-b47],[@i1552-5783-57-13-5093-b50][@i1552-5783-57-13-5093-b52][@i1552-5783-57-13-5093-b53][@i1552-5783-57-13-5093-b54][@i1552-5783-57-13-5093-b55]--[@i1552-5783-57-13-5093-b56]^

To estimate the actual elastic properties of the lens, it is necessary to convert the measured longitudinal modulus values to shear modulus. Although we have observed strong correlations ([Fig. 8](#i1552-5783-57-13-5093-f08){ref-type="fig"}), a more detailed quantitative analysis is required. A more in-depth mechanical analysis of the lens will benefit from a volumetric Brillouin image, beyond an axial profile, of the lens. With the given experimental data, we estimate an approximately 2-fold increase in the overall stiffness of the lens from 19 to 45 years, which is consistent with previous ex vivo data.^[@i1552-5783-57-13-5093-b08],[@i1552-5783-57-13-5093-b57]^

It is also worthwhile to note the apparent similarity between the profiles of longitudinal modulus and typical protein distributions that were previously obtained by optical techniques, and ultrasound.^[@i1552-5783-57-13-5093-b39],[@i1552-5783-57-13-5093-b43],[@i1552-5783-57-13-5093-b47],[@i1552-5783-57-13-5093-b59]^ This similarity provides insights into the relationship between the ultrastructure and the mechanical modulus of the lens tissues. In particular, the γ-crystallins are thought to enhance water expulsion by creating an extended network of alternately charged groups at their surface and creating a large number of molecular electrostatic dipole moments.^[@i1552-5783-57-13-5093-b60]^ In humans, the relative protein proportion of the α-, β-, and γ-crystallins stays constant with age within the nucleus.^[@i1552-5783-57-13-5093-b20]^ In contrast, in rodents, the γ-crystallins continue to be synthesized throughout life and thus may lead to a more extensive water loss with age.^[@i1552-5783-57-13-5093-b61]^ Hence, one would expect the maximal compaction to saturate in humans in the nuclear region, whereas it should increase for rodents. This is consistent with our results that the peak longitudinal modulus in human lenses was constant up to the age of 45 to 50 years, whereas our earlier study of the murine lenses showed continually increasing longitudinal modulus over age.^[@i1552-5783-57-13-5093-b24]^

Finally, the Brillouin profiles of the left and right eyes of the same subject were nearly identical to each other. This result is in line with clinical findings that accommodation may be a consensual response, in which both eyes change equally to a change in accommodative stimulus.^[@i1552-5783-57-13-5093-b62]^ In contrast, significant differences could be found in terms of lens thickness and elasticity in age-matched subjects within a 3-year window. Such differences could potentially explain the very broad range of accommodation amplitude observed at a given age.^[@i1552-5783-57-13-5093-b01]^ In this regard, our approach would offer a unique tool to monitor mechanical changes resulting from surgical or pharmacological treatments.
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